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| The nutritional versatility of dinoflagellates is a
‘complicating factor in identifying potential links be-
tween nutrient enrichment and the proliferation of
harmful algal blooms. For example, although dino-
flagellates associated with harmful algal blooms (e.g.
fed tides) are generally considered to be photo-
phic and use inorganic nutrients such as nitrate
or ph:?hnte, many of these species also have pro-
hounced heterotrophic capabilities either as osmo-
trophs or phagotrophs, Recently, the widespread oc-
¢urrence of the heterotrophic toxic dino Hate,
_ ia piscicida Steidinger et Burkholder, has
been documented in turbid estuarine waters, Pfies-
teria piscicida bas a relatively proficient grazing abil-
ity, blt’::also has an ability topfunction as a pghoto-
troph by acquiring chloroplasts from algal prey, a
process termed kleptoplastidy. We tested the abil;
of kleptoplastidic P, piscicida to take up *N-labeled
NH;, NO;, urea, or glutamate. The photosynthetic
detivity of these cultures was verified, in part, by use
of the fluorochrome, primulin, which indjicated 2
Positive relationship between photosynthetic starch
production and growth irradiance. AJl four N sub-
strates were taken up by P. piscicida, and the highest
uptake rates were in the range cited for phytoplank-

Duitrient acquisition by Keptoplastidic P. piscicida
suggests that the response of the dinoflagellate o
nutrient enrichment
ic pathway of nutrient stimulation (e.g. indirect stim-

fation through enhancement of phytoplankton prey
aljundance vs. direct stimulation by saprotrophic nu-
trient uptake) may depend on P, piscicidd’s nutri.
tional state (phagotrophy vs. Phototrophy).
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complex, and that the specif-
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priscicida; primuling starch; toxic dinoflagellates

Pliesteria piscicida Steidinger et Burkholder (Di-
nophyceae) is one of several myzocytotically feeding
“heterotrophic” dinoflagellates with a reported ca-

pability for kleptoplastidy,
functional chloroplasts are retained from algal
(Larsen 1992, Laval-Peuto 1992, Schnepf an
brichter 1992, Lewitus et
form of mixowophy

the process by which
rey
El
al. 1999). Although this
has been acknowledged in di-

noflagellates for a number of years, studies exam.
ining the role and regulation of phototrophic and

Pbagotrophic nutrition in kle

toplastidic species are

rare (e.g. Fields and Rhodes 199], Skovgaard 1998),

at least partly a consequence of the difficulty in rec- .
kleptoplastidic dinoflagel.

ognizing and culturing

lates (Schnepf et al, 1989, Schnepf and Elbrichter
1992, Lewitus et al. 1999). Schnepf and Elbrichter

(1992) and Skovgaard
flagellates with

(1998) suggested that dino-
an inconsistent chloroplast number

per cell may be Kleptoplastidic, and further specu-

lated that the ability is
gellates than previously

more common in dinofla-
considered. It is also possi-

ble that problems associated with maijntaining seem-

in§ly “phototrophic” dinoflagellates in 2 laboratory
culture may be related, in some cases, to the unrec-

ognized need to replenish

Prey supply. Awareness

of the prevalence of these and other mixotrophic

protists has
(Stoecker 1998),
their physiological
~ food web function.

grown dramatically in recent years
stressing the need o understand
ecology and role in microbial

Stoecker’s (1998) classification scheme for mixo-

trophic protists presented a conceptual model for
(c.g. some ciliates, sar-

Kleptoplastidic *‘protozoa’’

codines, and dinoflagellates) based on their relative

dependency on phototrophic vs,

phagotrophic nu-

trition, and the response of these processes to light,
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" dissolved inorganic nutrients, and particulate food
availability. In this model: (2) carbon, nitrogen, and
phosphorus are acquired primarily through phago-
trophy; (b) growth is very slow or ceases in the pro-
longed absence of prey; and (c) photosynthesis is
thought to be used to supplement carbon nutrition
by covering respiratory demands during periods
when prey are scarce. The data to support the mod-
¢l are based primarily on information from studies
with sarcodines or ciliates. Recently, however, Skov-
gaard (1998) suggested that photosynthesis in klep-
toplastidic Gymnodinium ‘graclentum’js used primar-
ily to enhance survival under food limitation, based
on the short (~2 day) turnover time of kleptochlo-
foplasts. 3,

! Kleptoplastidy also bas been demonstrated in
Pliesteria piscicida (Lewitus et al. 1999), an ichthy-
otoxic dinoflagellate that, over the last decade, has
been implicated as 2 causative factor of fish kills in
North Carolina estuaries and the Chesapeake Bay
(Burkholder et al. 1992, 1995, Burkholder and Glas-
gow 1997, Maryland Department of Natural Re-
sources 1997, University of Maryland Center for En-
vironmental Science 1997). Unlike G. gracilentum, a
longer Kleptochloroplast retention time (at least 9
days) was observed in P. piscicida, but Lewitus et al.
(1999) considered ?:is and the low photosynthetic
rates (0.54 pg C-cell"-h-') underestimates of pho-
fosynthetic capacity because of the limiting growth
irradiance used in their experiment. Even at that
low irradiance, however, a population doubling was
ineasured, suggesting that phagotrophy was not es-
sendal for cell division. The growth, or even main-

tenance, of photosynithetically active P. pisdicida pop- -

ulations implies that nutrients were taken up sap-
rotrophically in support of photoautotrophy. The
potential ability of P. piscicida to acquire nutrients
directly has implications toward the hypothesized
Tole of nutrient loading in promoting the dinofla-
gellate’s growth and toxic activity (Burkholder et al.
1995, 1997, 1998, Burkholder and Glasgow 1997,
Lewitus et al. 1999). That is, recognition that P, pis-
ficida can function as a phytoplankter, and not just
as a heterotrophic protist, stresses consideration of
nutrient stimulatory mechanisms analogous to those
that affect phytoplankton. In thjs study, we tested
the hypothesis that kleptoplastidic P. piscicida can
take up N nutrients directly.

MATERIALS AND METHODS

¢ The Pesteria piscicida isolate was obtained from the Neuse River
gstuary, North Carolina, and its identity was confirmed by thecal
f{late configuration (Steidinger et al. 1996), using scanning elec-
ron microscopy (Glasgow, Jr., unpubl.), The nontoxic z0aspores
wsed in this experiment were derived from toxic zoospore cul-
tures maintained in fish aguariums. Before beginning the exper-
iment, toxic zoospores were transferred to media (£/2-enriched
filtered seawater; Guillard 1975 but without Si) containing Rho-
domanas sp. Karsten CCMP757 (Cryprophyceae), an 8-um diam-
dter cryptophyte previously shown to be a preferred prey species
ind source of kleptochloroplasts for P. piscicida (Glasgow et al.
1998, Lewitus ct al. 1999). This culture was maintained a¢ 23° C,
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15 ppt, and a lightdark ¢yele of 12:12 h (80 wE.m-%s), and
inspected microscopically several times a day for P. pisdcida feed-
ing behavior.

After 5 days of maintenance, P, piscidda was observed to shift
from a lag phase, when grazing was not apparent. to an active
feeding rhase when the majority of the Iopulaﬁon was obseived

y ingest cryptophyies (referred to as a “‘swarming re-
sponse’* or “‘feeding event”’; Glasgow et al. 1998, Lewitus et al.
1999). This fecding event was followed by a reduction in grazing
activity, decreased cryptophyte abundance, and increased P. pis-
cirida abundance. Five hours after the feeding event, aliquots (75
ml) from this culture were gendy wransferred to 18 125-ml flasks.
Six of these were sampled immediately (designated “initial" treat.

* ment), and 12 were placed in the dark. After being kept for 15

b in the dark, the 12 flasks were incubated at a relatively low
irradiance (70 wE-m~%5') for 3 b, after which six flasks were
sampled (designated “low light” treatment), and the remaining
six placed under a relatively high irradiance (360 pE-m-%s!) and
sampled 3 h fater (designated “high light" treatment). The prin-
ciple of this experimental design was to allow comparison of
starch content and N uptake in: (a) “initial”" P. piscicida popula-
tions (containing recently ingested chloroplasts); (b) “low light”

.populations (kleptoplastidic cultures incubated for a short time

under a relatively low irradiance); and (c) *“high lighe” popula-
tions (kleproplastidic cultures examined after a shift-up in growth
ircadiance). These three populations were considered to be klep-
toplastidic based on microscopic inspections indicadng that graz-
ing on cryptophytes did pot occur after the inidal feeding event,
and examination of DAPI-stained samples indicating that plastid-
containing P. piscicida did not contain cryptophyte nuclei (Lewi-
tus et al. 199950.

The above cultures were sampled for P. piscicida and Rhodomon-
as cell counuw, particulate nitrogen, dissolved nutrients (NOg3,
NOj, dissolved free amino acids (DFAA), urea, and NH}), uptake
of 1*Nlabeled NH, NO3, urea, or glutamate, and dinoflagellate
and cryptopbyte cell, chloroplast, and starch areas. Cell counts
were measured on acid-Lugol'sfixed samples, using a Nageotte
Brght Line hemacytometer (depth 0.5 mm). For particulate ni-
trogen, water was filtered onto precombusted Whatman GF/C
filters, frozen, and later measured wsing a Control Equipment
CHN analyzer (Pacsons et al. 1984). Dissolved nutrients were mea-
sured in the filtrate from sterile 0.45-um polycarbonate mem-
brane filters. NO3 and NOj concentrations were determined col-
orimetrically using a Technicon autoanalyzer, and urea was mea-
sured by the urcase method (Parsons et al. 1984). NH; concen-
tration was determined by the phenol/hypochlorite technique
(Solarzano 1969), and DFAA determined by reverse-phase high-
performance liquid chromatography (Lindroth and Mopper
1979). Nutrient uptake rates were determined using "N tracer
techniques, following Glibert and Capone (1998). Labeled sub-
strates were added at an initial concentration of 2 pg at N L,
and samples were incubated for 30 min. Isotopic analyses were
conducted using a Finnigan MAT 251 mass spectrometer, cou-
pled with a Europa ANCA sample inlet system.

Cell morphological parameters were determined using image
analysis (Optronics image analysis system with Flashpoint soft-
ware) on 4',6diamidino-2-phenylindole (DAPI)- or primulin-
stained samples. Sam;les were fixed with 0,5% NiSO, (Sicracki
ctal, 1987) and then 2% hexamethylenetetramine-buffered form-
aldehyde (Throndsen 1978, Stoecker et al. 1989), incubated with
a fluorochrome (DAFI or primulin). filtered, and the filters rap-
idly frozen on a liquid nitrogen<cooled steel block (Lewitus et al,
1999). The DAPlstaining method. followed Porter and Feig
(1980) and was used to determine the percentage of plastid-con-
taining 700spores that also contained ingested cryptophyte nuclel
(swined by DAPI). As mentioned, DAPI fluorescence indicative
of the presence of cryptophyte nuclei inside zoospores was not
observed, and therefore these data are not presented. The pri-
mulin method followed Caron (1983). Like DAPI, primulin gas
an excitation maximum in the ultraviolet, but, w ere¢as DAPI
stains DNA, primulin reacts with plasmalemma, thecal plates, and
starch (Sterling 1964, Revilla et al. 1986, Klut et al. 1989). We

used primulin fluorescence to estimate the starch area within
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Fic. 1. The mean and standard deviation of Pfiesteria piscicida

. (white) or Rhodomonas sp. (black) abundance in the initial, low

light, or high light cultures.

free-tiving cryprophyte chloroplasts and zoospore kleptochloro-

plasts. Starch is a photasynthetic product of cryptophytes that is
produced within the periplastidal space (Santore 1985), and a
previous study demonstiated the accumulation of starch within P.

piscicida kleptochloroplasts (Lewitus et al, 1999),

i In another experiment, we tested the relationship between the
jprimulin-fluorescent area within Cr) as sp. HP9001 (Cryp-
jtophyceae) cells and the cellular nonstructural carbohydrate in
jbatch cultures grown at three irradiances (211, 104, or 8
inE:m=%3"1) and sampled from exponential growth phase. Sam-
ples were harvested ty centrifugation, resuspended in a phos
iphate buffer, pH 6.8 (Lewitus and Caron 1990), and cell material
iextracted by cell disruption, using a Biospecs Products Mini-
iBeadbeater-8™ (wwo runs on “Homogenize" setting using
i0.5-mm diameter zirconia/silica beads). After centrifugation (mi-
crocentrifuge, 16,000 X g), the supernatant and peliet were an-
talyzed for total nonstructural carbohydrates, using 30% perchlor-

! Fi¢, 2. Epifluorescence micrograph of primulin-stained Pfies-
eria pisacida z00spore excited by ultraviolet light, showing the
{Kleptochloroplast inside an epithecal vacuole (left). The pig-
imented acea of the kleptochloroplast is reddish orange (phyco-
;errhrin autofluorescence), and the primulin stain shows up as
iyellowish white fluorescence surrounding the pigmented area.
i(scale bar, 4 pm). ‘
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Fic. 3. The mean and standard deviation of (A) area per cell
ot (B) % total cell area of Pfiesteria piscicida primulin Avorescence,
Pfiesteria piscicida pigment fluorescence, or Rhodomona, sp. pri-
mulin fluorescence of low light (white) or high light (black) cul-
tures. )

+ ‘ic acid extraction and a colorimetric assay based on the phenol-

sulfuric acid reaction (Burke et al. 1999). Absorbance was con-
verted to concentradon in milligram glucose equivalents per
milliliter using a standard curve (r = 0.9952). :

A Hest (significance level of 0.05) was used in all comparisons
of means referred to below.

-RESULTS

Mean P. piscicida population abundance in ‘“‘ini-
aal” cultures (those sampled 5 h after the feeding
event) was nearly 100-fold greater than that of Rho-
domonas (Fig. 1). Cryptophyte abundance did not
change significantly during the experiment, remain-
ing below 200 cell-mL-}. Cultures incubated under
“low” or "high” light contained ca. 40% lower zoo-
spore abundances than initial cultures, but cell
numbers did not vary with light treatment.

Primulin-stained saraples were analyzed for three
variables (Figs. 2, 8): (1) “Pfiesteria primulin,” the
area within the plastid-containing zoospore vacuole
characterized by r-Erimulin fluorescence (yellow to
white arca of epitheca in Fig. 2), (2) **Pfesteria pig-
men,” .the area within the plastid-containing zoo-
spore vacuole characterized by pigment (phycoery-
thrin) autofluorescence (reddish orange area in Fig.
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|
2), and (3) **Rhodemonas primulin,” the area within
the free-living cryptaphyte chloroplast characterized
by primulin fluores¢ence (not included in Fig. 2).
In comparing light eatments, the *Pfiesteria pri-
thulin” area per zopspore was nearly 50% greater
in high-ight than in lowlight cultures, while the
- amount of **Pfiesteria pigment’” or *“ Rhodomonas pri-
mulin” area did not vary with treatment (Fig. 3A).
The wearment effect on Pfiesteria primulin fluores-
cence and not Rhodomonas primulin fluorescence is
evidence that the positive relationship between
growth irradiance and primulin-reactive material
(presumably starch) is not a function of prey inges-
tion. Although the primulin fluorescent area per
zoospore was significantly greater in cultures grown
at high light, the relative proportion of this area to
total cell area did not vary significantly with growth
ifradiance (Fig. 3B). The average area of high- and
low-light cells was 54 and 47 pm?, respectively (data
not shown). The relatively greater absolute, but not

proportional, Ffiesteria primulin area per cell in high
vs. low light cultures suggests that the increase in
cell size was refated to an increase in primulin-stained
cell material. Qur assumption that this materjal was
starch is supported by the strong correlation between
primulin fluorescence area and noostructural car-
bohydrate content in cells of the cryptophyte, Cryp-
tomonas sp. (Fig. 4). The correlation coefficient
between the primulin-stained area per cell and the
carbohydrate content was 0.92 or 0.87 when carbo-
hydrates were measured in the pelleted or total
extract, respectively.

Particulate nitrogen decreased after incubation at
low or high light by an amount (64% or 55%, re-
spectively; Fig. 5A) that corresponded roughly to the
decrease in zoospore cell abundance (61% or 59%,
respectively; Fig. 1). The dissolved nitrogen pool was
predominantly composed of NO; throughout the
experiment (Fig. 5B), but the mean rato of NH;,
urea, and DFAA to NOj concentration increased
over time by 41%, 164%, and 62%, respectively, at
low light, and 40%, 183%, and 90%, respectively, at
high hight. These patterns suggest the net biological
removal of NO; and regeneration of NHj, urea,
and DFAAs over the course of the experiment.

Uptake of all four '“N-labeled substrates was de-
tected (Table 1). Not surprisingly, given the rela-
tively high NO; concentrations in the dissolved N

00l, NO; was taken up at the greatest rate, fol-
owed by glutamate, NH?, and urea. Cells grown at
high light took up NH or urea at significantly great-
er rates than low-light-grown cells, but NOj or glu-
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{Taste 1. BN uptake cates (mean = standard deviaton) of cultures grown at low or high irradiance, expressed as absolute label uptake

1 or uptake normalized 1o the cell abundance of Pflesteria piscicida.

o

Absolute uptake rate (Hg at N/ f-ta b=ty

Uptake per Pliesteria piscicids cell (fmole N cell~! h-Y)

Treannent NO; NH; Urea Clutamate NO; NH; Cres Glitamate
Lowlight 29202 0132003 00020 £00009 100=037 20270 54510 016%00 65 =%
iHigh lighe 1.5+ 04 0.13 =004 00079 = 0.0029 095 = 0.40 120 = 30 12+3 0.54 = 0.21 72+ 38

gtamate uptake did not increase with growth irradi-

{ance. Because these were mixed cultures (P. piscicida
tand Rhodomonas), it is impossible to determine ab-
Isolute uptake rates in either group. However, given
i the relatively low abundance of cryptophytes (ca. 1%
iof zoospore abundance), the contribution of Rho-
| domonas to overall uptake rates was likely to be very
iminor. In fact, applying Stolte and Riegman's

:(1996) maximum: NO; or NH; uptake rate per cell
isurface area of 8.5 X 107" pmol- pm-2h-! estimates
iof Rhodomonas population (mean area = 45 pm?)
|uptake were approximately 0.7 ng at N L-“h-1, or
iroughly 0.02% ta 0.04% (for NO3) or 0.5% (for
INH}) of the measured absolute uptake rates (Table
i1). Even in the case of urea, where relatively low
{uptake rates were measured, theoretical estimates of
| Rhodomonas population uptake (using a maximum
uptake rate of 3 fiol N-cell-'-h-!; Syrett et al. 1986,
Price and Harrison 1988) only accounted for 28%
or 8% of low or high light estimates, respectively.

counted for predominantly by P. piscicida uptake.

DISCUSSION

i In Stoecker's (1998) review of mixotrophic models,
ikleptoplastidic protists were considered to acquire nu-
trients predominanty through phagotrophic means,
iand photosynthesis was thought to be important as a
jsurvival mechanism for maintaining respiratory re-
Iquirements during prey limitation. An inference of
this model is that photosynthetically driven cell
growth (and therefore associated saprotrophic nu-
trient uptake) is slow relative to that supported by

P ‘

isynthesis to P. piscicida's growth was not addressed
in this study, and remains to be determined as a
icritical test of the model, However, the present find-

ings suggest that saprou:&hic uptake can play an
important role in P. piscicida’s nutrition. The results
mot only establish that the dinoflagellate can acquire
N-nutrients directly when kleptoplastidic, but, based
on the following arguments, suggest that nutrient
uptake rates were comparable to those estimated for
phytoplankton, and rivaled N uptake through pha-
gotrophy in P. piscicida.

. When normalized per cell (based on the entire 2.
piscicida population; i.e. with and without ingested
plastids present), uptake rates of NO;, NHY, and
glutamate (Table 1) were within the range of those
reported for phytoplankton (Syrett et al. 1986, Antia
et al. 1991, Lomas and Glibert 1999A). Hypotheti-
t

Therefore, the measured N uptake rates can be ac-

haﬁotrophy. The potential contribution of photo- -
t

cally, direct nutrient uptake may have been predom-
inated by, or even confined to, Keptoplastidic P. pis-
acda. Lewitus et al, (1999) presented evidence for
greater survival of kleptoplastidic cells over apoplas-
tidic cells in photosynthetically active P, piscicida cul-
tures. The speculation that a fraction of the dinofla-
gellate population was responsible for the bulk of
nutrient uptake would suggest that cellular uptake
rates can be potentially higher than those reported
here.

Based on previous experiments on P. biscicida
grazing properties (Glasgow et al. 1998, unpubl.
data), comparisons can be made between potential
nutrient acquisition via phagotrophy and klepto-
plastdy. Ingestion rates by P. piscicida 200spores on
Cryptomonas sp. LP757, a cryptophyte resembling
Rhodomonas in size and morphology, averaged 1.3
cryptophyte cells per zoospore per day over a 16-h
period. Using this estimate for ingestion of crypto-
phytes, assuming that all of the prey contents were
ingested per encounter (a false assumption, given
the myzocytotic mode of feeding), and using an es-
timate of cryptophyte N content of 1 pmol-cell-!
(Lewitus and Caron 1990), an N uptake rate can be
estimated at 54 fmol N ;l>er P. piscicida z00spore per
hour. Based on a population density equivalent to
those measured in this study, phagotrophic N up-
take would be approximately 0.8 pg at N L-!-h-!,
Though rough, this estimate suggests that rates of
N acquisition by kleptoplastidic P. piscicida (Table

) may approach or even exceed thati obtained .
through grazing.

The disproportional distribution of ambient nu-
trients in experimental cultures precludes meaning-
ful comparisons of substrate-specific uptake rates. [t
is likely that the relatively high NOj uptake rates
were related to high ambient NO; concentrations
(Lomas and Glibert 1999, and references therein).
Also, it is possible that the relatively low urea uptake
rates were a function of catabolic enzyme inhibition
(e.g. urease) by the relatively high ambient NH;
concentrations (Flynn and Buter 1986, Antia et al,
1991, Berg et al. 1997). Perhaps a more relevant
comparison is the effect of growth irradiance on up-
take rates for specific substrates, Only ureca (absolute
and cellular rates) or NH; (cellular rates) were tak-
en up at greater rates at the higher irradiance level.
Research is needed to determine whether this effect
of growth irradiance reflects N substrate preference
in kleptoplastidic P. piscicida.

From microscopic observations of natural popu-



.- .81/13/2680 12:55 8435461632

-
SN
[
)

AT
s

Rzl

TRAT ¥Ch

NITROGEN UPTAKE BY PFIESTERIA

fations, Glasgow (unpubl. data) has observed chlo-
roplast inclusions in Neuse River, North Carolina
{‘presumptive FPfiesteria”” populations for days after
its initial bloom period. In light of the association
between prey depletion and Kleptoplastidy in labo-
ratory batch cultures of P. piscicida (Lewitus et al.
1999), it is possible that such chioroplast inclusions
in field populations are indicative of kleptoplastidy.
However, the differentiation between kleptoplastid-
je and actively graz*ng Pfiesteria remains problematic,
and may depend on the developroent of specific
markers of photosynthetic activity. In this regard,
the use of primulin fluorescence as an indicator
{and/or measure) of photosynthetic starch produc-
tion may be useful for assessing the ecological rel-
evance (occurrence, role, and regulation) of klep-
roplastidy in P. piscicida. ’

. | As pointed out, the physiological ecology of klep-

toplastidic P. pisdcida may bear importantly on the
mechanism by which nutrients may regulate their
growth. In laboratory experiments (Burkholder et
al. 1995, 1998, Burkholder and Glasgow 1997, Glas-
gow et al. 1998), nutwient (N or P) stimulation of P.
ipiscicida’s growth has been demonstrated, either in
response to elevated phytoplankton prey supply (the
so-called “indirect stimulation” by nutrients) or
through direct acquisition of substrates, as shown
with 1C-labeled protein hydrolysate (*‘direct stimu-
lation’’). Based on those laboratory results and di-
rect correlations between “presumptive. Pfiesteria’’
iabundance, phytoplankton abundance, and nutri-
lent concentrations in natural waters (Burkholder et
al. 1997, Burkholder and Glasgow 1997),.a working
thypothesis depicting seasonal changes in mecha:
misms of nutrient stimulation in a temporate estuary
such as the Neuse River is presented in Figure 6.
;Most of the fish kills involving P. piscicida occur in
isummer. However, a presumably important factor
idetermining the extent and magnitude of toxic ac-
itivity is the abundance of nontoxic zoospores, the
idirect precursors of toxic zoospores. Nontoxic zoo-
'spore abundance in the Neuse River has been
'shown to co-vary with chlorophyll during spring phy-
toplankton bloom periods (Burkholder and Glas-
igow 1997), with the implication that nutrient regu-
ilation of phytoplankton biomass also will indirecty
icontrol nontoxic P. piscicide abundance (*‘indirect
inutrient stimulation’’). Also, bloom parameters
i (magnitude, composition) may affect the propor-
ition of nontoxic 200spores that become kleptoplas-
;tidic. We hypothesize that the maintenance (i.e. as
:zoospores rather than other cell forms such as cysts
;or amoebae) and/or growth of these kleptoplastidic
;populations are dependent on the quantity and

-:quality of available nutrients (*‘direct sumulation’).

‘In this respect, P. piscicida’s potential to cause fish

ikills could depend on the supply of nutrients avail- -

table to support seed populations of nontoxic klep-
i toplastidic zoospores that “‘fuel’’ toxic outbreaks,
© Whether or how nutrients stimulate P. piscicida is
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Fic. 6. Model showing hypothesized seasonal changes in
mechanisms of nutrient stimulation of Pfesteria piscicida’s growth.
In the spring, nutrient acquisition by phagotrophic P. piscicidu
zoaspores is derived from phytoplankion prey, and therefore nu-
trient encichment may stimulate P. piscicida's growth by increasing
the magnitude of phytoplankton blooms (“indirect nutrient stim-
ulation™). After the bloom dissipates, nutrients are acquired di-
rectly by phototrophic (kleptoplastidic) zoospores, and P. pisciri.
da's growth, or at least maintenance of zoospore populations, may
be controfled by the quantity and quality of ambient nutrieny
(“direct nutrient stimulation’). Both forms of nutrient suimula-
tion would lead to higher abundances of nontoxic zoospores, th
direct precursors for toxic zoospores, and therefore increase the
potental for toxic cutbreaks (e.g. *'Fish Kills™).

a critical issue in predicting the dinoflagellate’s po-
tental impact on estuarine fish populations. The or-
ganism is widespread (from Delaware Bay to Mobile
Bay, Alabama), but toxic outbreaks have been doc-
umented in a relatively narrow range of its latitudi-
nal distribution; that is, in various North Carolina
estuaries from 1991~1998, and in the Pocomoke Riv-
er in summer, 1997 (Burkholder et al. 1995, Lewitus
et al. 1995, Burkholder and Glasgow 1997, Maryland
Department of Natural Resources 1997, University
of Maryland Center for Environmental Science
1997). On comparing regions affected by P. piscicida
toxicity with those where P. piscicida is found but not
known to cause problems, certain general distinc-
tions in estuarine properties are suggested, includ-
ing tidal flushing characteristics and fish population
dynamics, and also nutrient concentrations (Burk-
holder and Glasgow 1997). For example, using fish
mortality bioassays and scanning electron micro-
scopic confirmation, P. piscicida was recently discov-
ered in the pristine North Inlet estuary, South Car-
olina (Lewitus, Willis, Glasgow, and Burkholder, un-
publ. data). In contrast to sites of known P. piscicida
toxic events, North Inlet is characterized not only by
higher flushing rates, but also by a lack of anthro-
pogenic influence and relatively low inorganic nu-
trient concentrations (e.g. seasonal maxima in dis-
solved inorganic nitrogen at some sites rarely ex-
ceed 5 uM; Lewitus et al. 1998). Although the North
Inlet P. piscicida populations became toxic in fish
aquariums, this potential toxicity, to our knowledge,
has not been exhibited in a natural habitat. The hy-
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pothesized link between high nutrient concenua-
. tions and P. piscicida toxic activity suggests that con-
i tinued coastal eutrophication may lead to an in-

P. piscicida toxic events.
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